Abstract
Introduction
Well tests have been the primary and most reliable means of characterizing reservoirs for decades. However, there has been a growing trend over the last several years to search for alternatives that could yield the desired information in less time, in a more environmentally-friendly manner, and at a cheaper cost than conventional well tests. The desired change has inevitably been towards tests of shorter duration. [1] [2] [3] [4] Although it is accepted that results from short tests with small radii of investigation may not be as reliable as those from conventional well tests, it is reasonable to accept that they could be of value in assisting with strategic decisions about field development, when an increased margin of error can be tolerated. In offshore wells, in addition to the potentially exorbitant cost of testing (several millions of dollars), the drive towards green (shorter) tests is fuelled by environmental considerations, such as requirements for restricted flaring of hydrocarbons. In Alberta and elsewhere in North America, the driving force towards inexpensive tests is the marginal economics of low deliverability wells. Either way, there is an increasing trend towards these green tests to replace conventional well tests. One such green test consists of simply allowing the well to flow into the closed wellbore after perforating, when there is an underbalanced wellbore condition. As the fluid from the reservoir enters the wellbore (with a fixed volume), the wellbore pressure builds up. The pressure data is collected either downhole or at the wellhead for a period of hours or days, depending on the reservoir's flow potential. These tests have been variously called: Slug test, Surge Test, Perforation Inflow Diagnostic (PID), or Closed Chamber Test.
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The basis of Perforation Inflow Test Analysis (PITA) is the slug-test model originally proposed by Ramey and co-workers 5, 6 in the seventies. In related works of Soliman 1 and Ayoub et al. 2 , it is shown that the late-time shut-in data is not a function of the flow rate and its variation with time, but a function of total volume of fluid influx. While most of the previous solutions presented for tests with a short inflow period concentrate on the late-time analysis for determination of permeability and initial reservoir pressure, PITA is extended to include early-time analysis and used for determination of skin. This additional information is very useful for making decisions on the need for stimulation in cases where inflow rate is poor because of large skin, rather than low permeability.
Two previous publications 7, 8 have provided a systematic procedure for analysis of data from perforation inflow tests. However, these presentations have not been able to calculate the zero or negative skins from PITA. Since then, we have considered the possibility of the test well having no skin or an improved zone (negative skin) around the wellbore. Therefore, in this study, we are going to present diagnosis and quantification of positive, zero and negative skins, using PITA. We are also presenting how the estimates of initial reservoir pressure, permeability and skin can be improved through analytical modeling of the entire test data from perforation tests. We also present new field examples to illustrate advantages of PITA. An investigative discussion on the radii of investigation during perforation tests is also included. On a related note, the methodology of PITA can be extended to over-balanced situations, when there is fluid efflux, rather than fluid influx. However, this extension needs an appropriate modification of the wellbore storage calculations.
Working Equations and Analysis Procedure
Details of the mathematical development of PITA have been presented in Reference 8. The early-time data is used to estimate skin, and the late-time data to estimate initial pressure and permeability. In gas wells, the pressure data is usually measured at the wellhead, and is converted to the bottom-hole condition. This conversion is primarily due to hydrostatic head, because the influx rate into the wellbore diminishes very rapidly, and frictional losses are not significant. Moreover, the analysis of gas well data requires the conversion of datapressure to pseudo-pressure, and time to pseudo-time (viscosity and total compressibility are evaluated at well pressure). The fluid influx rate into the well is not measured, nor is it necessary for the analysis.
The working equations in practical metric units for liquid (single-phase oil or water) and gas cases, including the possibilities of the positive, zero and negative skin factor, are presented below:
Case I: Liquid Influx
Here we are considering a single-phase liquid (oil or water) flow situation in the presence of a compressible formation. 
a. Analysis of Late-Time Data
As illustrated above, for estimating s ≤ 0, our target is to estimate the effective wellbore radius, r wa , from Equation 5 . 
Note that for r wa = r w , s = 0, and for r wa > r w , s < 0.
Remarks:
The wellbore storage constant C in Equations 1 through 5 for liquid influx can be estimated from one of the following equations:
2. For a Closed Chamber Filled with Compressible Liquid:
Note that the cushion pressure, p w0 , must be known or estimated prior to performing any of the late-time or early-time data analyses.
Case II: Gas Influx
We are considering a single-phase gas flow situation in the presence of residual fluid saturation and a compressible formation. Here gas is the only mobile phase, and the water phase is immobile. To correct for the variations of the viscosity and compressibility of gas with pressure, we need to use pseudo-pressure and pseudo-time, replacing pressure and time, respectively. These pseudo-variables can be defined as 9 -Pseudo-pressure:
Pseudo-time: 
.(16)
Remarks:
Observe that the cushion pseudo-pressure,  w0 , must be known prior to performing any of the late-time or earlytime data analyses. This value can be calculated from the known or estimated cushion pressure, p w0 .
Influx Rate Calculations
One significant advantage of PITA is that the analyst does not need to calculate the influx rates as part of the analysis of the data. Often, with a set of noisy pressure data, the calculated rates become noisier. However, the influx rates can be calculated for any other diagnostic purposes by using the material balance principles as shown below:
Liquid Rate 1. For Changing Liquid Level:
Identification of Flow Regimes
It is very obvious that the data for PITA is significantly influenced by wellbore storage. It is also evident that the data is also directly influenced by the flow capacity (kh) and the skin. Therefore, one needs to distinguish the part of the data dominated by wellbore storage (afterflow effects) from the part of data that is dominated by reservoir characteristics (reservoir pressure and permeability). As shown in Equations 3 through 5, and 13 through 15, the early-time data contains information about the skin, because of significant fluid influx rates (which are affected by the skin value). Also, Equations 1, 2, 11 and 12 demonstrate that the late-time data can be exploited to estimate reservoir pressure and flow capacity (or permeability). Thus, proper identification of these flow regimes is important in order to choose appropriate data ranges from a perforation inflow test for appropriate analyses.
From the authors' experience, it has been observed that the measured pressure in a set of data must contain at least some portion of the reservoir-dominated flow in order for the estimated reservoir pressure, permeability and skin to be representative of the reservoir. Alternatively speaking, the test period must be long enough to see the reservoir-dominated flow at late times. A special kind of derivative, PITA derivative (PDER), is used to confirm if the data has seen the reservoirdominated flow. Cinco-Ley et al. 10 originally introduced this derivative, which can be defined as:
This approach is similar to the traditional well-test interpretation, where a derivative plot is used to differentiate the wellbore flow regime from the infinite-acting radial flow regime. However, the PDER behaves in a slightly different way from the traditional well-test derivative. From our experience, we have observed that the slope of the early-time data (wellbore storage), when plotted with time (or pseudo-time) in log-log scales, can be influenced by the skin. If the well has a positive skin, it will manifest as a slope of 2, and if it has a zero or negative skin, the early-time data will yield a slope of about 1.75 (cf. well-test derivative has a slope of 1). With real field data, it is not easy to distinguish between slopes of 1.75 and 2. The late-time data (reservoir-dominated flow) has a slope of 0 (flat line -the same as the well-test derivative).
Thus, once the PDER has been plotted with time (or pseudo-time) in log-log scales, it is easy to recognize whether or not reservoir-dominated flow exists. If it does, reasonable values of initial reservoir pressure, permeability and skin can be determined. At least some of the late-time data should fall on the flat part of the derivative in order to get a reliable analysis. If this data exists, then skin can be calculated from the earlytime data. If there is no reservoir-dominated flow in the perforation inflow test data, then a unique interpretation of the given data by using PITA is not possible.
Interpretation of Test Data
In traditional well test interpretation, we start analyzing the data from early time to late time. In PITA, we start with the late-time data first, to obtain reservoir pressure and permeability. After this, we analyze the early-time data to obtain skin. Even though a complete analysis can be obtained from the derivative plot alone, it is useful to generate specialized plots to confirm the analysis. As presented earlier, the working equations for liquid and gas influxes are slightly different. For liquid influx, the data is analyzed in terms of pressure and time. For gas influx, the data is analyzed in terms of pseudo-pressure and pseudo-time. In liquid influx, we need to specify the wellbore storage constant (C) due to a changing (rising) liquid level in the wellbore, which is a function of wellbore capacity (V u ) and liquid density, or due to the wellbore volume (closed chamber volume, V w ), which is completely filled with a compressible liquid. In gas influx, we need to specify the wellbore or chamber volume (V w ). As shown earlier, wellbore volume or wellbore capacity needs to be known a priori for estimating the reservoir parameters. There can be occasions when these values may not be known with reasonable accuracy. In such situations, an over-estimated wellbore volume or wellbore capacity will lead to an over-estimation of permeability by the same proportion (see Equations 1, 11 and 12) . Similarly, an under-estimated wellbore volume will lead to an under-estimated permeability. However, the estimates of the initial reservoir pressure appear unaffected, when the wellbore volume or wellbore capacity is in error. Also, the estimates of skin (especially, s > 0) are not affected, as the permeability compensates for any error in estimated wellbore volume or wellbore capacity (see Equations 4 and 14). Note, that for liquid or gas efflux (when there is an over-balanced wellbore condition), a pressure falloff will occur, and can be analyzed in the same manner as for liquid or gas influx, by adjusting the storage (C) calculations appropriately.
An important question one may face, when observing a slow rate of pressure buildup in the wellbore, is whether the poor performance is because of high skin or low permeability. While the latter cause may lead to an abandonment of the well, the former may be resolved by stimulation. The greatest advantage of PITA is to help separate skin from permeability. Once reasonable estimates of initial reservoir pressure, permeability (or flow capacity) and skin are established, the next logical step is to generate synthetic pressures to match the test pressures, using an analytical solution. 8 This step helps refine the reservoir parameters already estimated from analysis and will be highlighted while presenting the field examples.
Field Examples
In this section, we are presenting three field examples (two gas wells and one water well), which will illustrate some practical aspects of analyzing some real data with the proposed methodology.
Example 1 represents a perforation inflow test performed on a shallow gas reservoir in the Southern Alberta plains. The well was perforated dry, and pressures were collected at the wellhead. Since the pressure increased very quickly after perforating, the test was terminated after only 0.85 hours. Figure 1 shows the calculated bottom-hole pressures and inflow rates. The PITA derivative (Figure 2 ) exhibits a slope of "2" in the early time, and a slope of "0" in the late time. The late-time analysis of the PITA derivative and the Cartesian plot of pressure vs. 1/∆t a (Figure 3 ) yields an estimated permeability of 86 mD and initial reservoir pressure of 2,297 kPaa. The earlytime analysis of the PITA derivative and Cartesian plot of pressure vs. ∆t a (Figure 4 ) yields a skin near zero (+2.9). Extending the analysis into modeling (Figures 5 through 7) confirms the diagnostic analysis, since the reservoir-dominated flow was observed. The radius of investigation of this particular example is discussed in the next section.
After the perforation inflow test of Example 1, a conventional flow and buildup test was performed on the same well (referred to as Example 1a). The flow period was 2 hours, and the buildup period was 4.7 hours. The pressures were again collected at the wellhead. Figure 8 shows the calculated bottomhole pressures and measured gas rates. The conventional diagnostic log-log plot ( Figure 9 ) reveals the classic pressure behaviour of wellbore storage and infinite-acting radial flow. The interpretation of this data yields a permeability of 200 mD, skin near zero (+0.4) and p i of 2,296 kPaa. Figures 8 and 9 also present the modeling results. These results show that the earlier perforation test results are consistent with the conventional flow and buildup test results.
Example 2 corresponds to a perforation inflow test, performed on a tight gas reservoir in the foothills of the Canadian Rockies. Downhole shut-in was utilized to minimize wellbore storage effects, and pressures were therefore measured with a gauge located very close to the perforations. The test was run for 8 hours, while the service rig was shut down for the night. Figure 10 shows the measured bottom-hole pressures and the calculated inflow rates. The PITA derivative ( Figure 11 ) yields a slope of "2" in the early time, and approaches a slope of "0" in the late time. The late-time analysis of the PITA derivative ( Figure 11 ) and the Cartesian plot ( Figure 12 ) estimate p i and k in the order of 31,000 kPaa and 0.003 mD, respectively. The early-time analysis of the PITA derivative ( Figure 11 ) and the Cartesian plot ( Figure 13 ) offer a skin estimate of +1.0. Since reservoir-dominated flow (i.e., slope = "0") was not developed, the PITA model provides different estimates of initial reservoir pressure, permeability and skin, but they are still of the same magnitude. These results are shown in Figures 14 through 16 .
Following the perforation inflow test of Example 2, the same well was hydraulically fractured, and flowed on cleanup for about 30 hours. A memory gauge was then landed near the top of the perforations, and production resumed for another 29 hours. A buildup test was then conducted for a period of one month. The results from this test are presented as Example 2a. The rate history and measured bottom-hole pressures are displayed in Figure 17 . The conventional diagnostic log-log plot is displayed in Figure 18 . The model results generated from this buildup are shown in Figures 17 and 18 . During the flow period, the rate was too low to continuously lift the frac fluid to surface. Consequently, the buildup response was distorted by "phase redistribution" phenomena. Fortunately, the extended buildup duration provided sufficient time for reservoir-dominated flow to develop. The interpretation provided p i and permeability estimates in the order of 31,500 kPaa and 0.03 mD, consistent with the PITA results. The calculated negative skin (-3.6) shows that some improvement was gained from the stimulation.
Example 3 depicts a perforation inflow test conducted on a tight (wet) coalbed methane reservoir in Western Canada. The well was perforated dry, and since liquid influx was anticipated, pressures were obtained with a memory gauge set close to the perforations. The pressure buildup was monitored for about 1,600 hours before recovering the memory gauge. Figure 19 shows the measured bottom-hole pressures and calculated water influx rates. The PITA derivative (Figure 20) (Figures 21 and 22 ) yields a skin value consistent with the diagnostic analysis. The estimated p i is within 7% of the diagnostic estimate. However, the model permeability is nine times higher than the diagnostic estimate. This indicates that reservoir-dominated flow was far from being developed within the test period, and that better estimates of p i and permeability are obtained from modeling.
As demonstrated with Example 2, the test duration for tight formations can be reduced significantly when downhole shut-in is utilized. In Example 3 (Figures 19 through 22) , downhole shut-in was not utilized, and reservoir-dominated flow was not developed after an extended shut-in period of 1,600 hours. Example 3a (Figure 23) shows the simulated pressure response expected with downhole shut-in (i.e., reduced wellbore volume to 0.5 m 3 ). The PITA derivative indicates that reservoir dominated flow (slope of "0") would develop within 5 hours of shut-in. Therefore, total test duration of about 12 hours would provide the required results.
Radius of Investigation
One drawback of perforation tests is their small radius of investigation. This is intuitively expected because of the small volume of wellbore into which the reservoir fluids flow. However, a question arises of what the radius of investigation is during a particular test. A related question is whether larger radii of investigation can be achieved by recording the shut-in data for longer times. Previously, Rahman et al. 8 argued that in the presence of noise, a perforation inflow analysis can investigate the reservoir only to a particular radius. Shutting the well any longer would detect just the noise. To explain this, the authors used the concept of region of investigation based on the work of Oliver 11 , and Thompson and Reynolds 12 . These authors showed that the permeability estimated from a plot of pressure derivative (i.e., derivative of pressure changes with respect to natural log of time) is mostly influenced by a zone in the reservoir, where the rate is changing the fastest with respect to natural log of time. Using this definition, the region of investigation of a conventional drawdown test (at constant rate) is understood in the following way. When a well is produced at a constant rate, there is a region close to the wellbore (Zone I) with a nearly constant reservoir flow rate. Zone I is followed by Zone II, where most of the flow is taken from (by fluid expansion). At the inner radius of this Zone II, flow rate is nearly equal to the flow rate at the wellbore, while at the outer radius of this zone, flow rate is nearly zero. Beyond the outer radius of Zone II, there is nearly no flow, because the effect of pressure disturbance caused by production at the wellbore has not traveled that far yet. During a drawdown test, the inner and outer radii of Zone II expand with time. References 11 and 12 showed that the pressure derivative reflects the permeability of a zone that closely correlates with Zone II. For liquid flow, this is mathematically shown in Equation 22 
(on the right-hand side of Equation 22), which represents that zone of the reservoir where rate is changing the fastest with respect to natural log of time. Graphs of rate Kernel vs. radius demonstrate that region of reservoir which heavily influences the pressure derivative curve (i.e., the region of investigation). Furthermore, the integral under the curve of rate Kernel (when multiplied by 1/r as required by Equation 22) represents the amount of information that is received from the reservoir and is captured in the pressure-derivative function. For a constant rate drawdown, References 11 and 12 showed that during infinite-acting radial flow, the integral remains constant, representing a constant value of the derivative function. Figure 24 shows a plot of the rate Kernel vs. radius for a perforation inflow test representing Example 1. The following observations can be made:
(i) The curves in Figure 24 show the portion of the reservoir that has the largest effect on the pressure derivative, representing the region of investigation. Figure 24 shows that at the end of the test (t = 0.85 hr), the PITA derivative is influenced by a region of about 30 m around the wellbore, with maximum influence coming from the peak of the rate Kernel at about 15 m. We have confirmed that the region of investigation propagates linearly with square-root of time and is a function of square-root of hydraulic diffusivity. This behaviour of radius of investigation of a perforation inflow test is similar to that of a constant-rate production test.
(ii) The maximum value of the curves and the integral under the curves of Figure 24 (when multiplied by 1/r as required by Equation 22) are decreasing with time. Therefore, the magnitude of information that is contained in the pressurederivative values decreases with time. The implication is that, unlike in a constant rate drawdown test, in a perforation inflow test and in the presence of some measurement noise, a time will come when the magnitude of the information being transferred from the reservoir to the wellbore becomes less than that in the noise. Beyond this time, i.e., when the noise-to-signal ratio becomes significant, the pressure derivative plot would be dominated by noise.
In Figure 25 (the same as the Example 1 case presented in Figure 6 ), the solid line shows the PITA derivative in the absence of any measurement error. The duration of the actual test was just under an hour which allowed detection of the beginning of radial flow as explained previously. The results shown in Figure 25 have been extended to 100 hours to find out whether a larger radius of investigation would have been obtained if the shut-in pressures were measured beyond the actual end of the test. To answer this question, we have generated the PITA derivative of the same example where the pressure data is corrupted by some normal random errors with a mean of zero and a standard deviation of 0.5 kPa. Figure 25 shows that, for some time, the noise does not affect the analysis, such that the PITA derivative displays the wellbore-storage dominated flow, followed by the transition to the reservoirdominated flow. This latter portion is however short-lived, and is soon masked by the noise. Figure 25 also shows that, in the presence of noise, the PITA derivative at late times deviates from the flat PITA derivative, and exhibit unit-slope behaviour with significant scatter. The latter is devoid of reservoir information and is a representation of a normal random error with mean of zero, which when logarithmically distributed in time and plotted on a log-log plot of the absolute value of the PITA derivative vs. ∆t a would tend to show as a unit slope. Therefore, in this case, waiting longer than about an hour would not have led to any deeper investigation of the reservoir.
This exercise shows that a small amount of noise after some time could easily mask the reservoir information from a perforation inflow test, whose influx rate is continuously deceasing with time. This time corresponds to the maximum radius of investigation of a perforation inflow test (about 30 m for Example 1 with a random noise of 0.5 kPa). The time interval where useful data could be collected depends on the ratio of the magnitude of information coming from the reservoir and the magnitude of the noise. For a particular reservoir response, the smaller the noise, the longer the duration of useful data. When the main source of noise is from the pressure gauge, use of accurate pressure gauges could allow obtaining larger radii of investigation in perforation inflow tests. 
Case I: Liquid Influx
The dimensionless variables on the right-hand side of Equation (A-1) are defined for liquid flow as 
For estimating s ≤ 0, our target is to calculate the effective wellbore radius, r wa , from Equation (A-4), which is a quadratic equation in r wa . Note that the wellbore storage constant C in Equation (A-4) can be estimated from either Equation 7 or 8, depending on the wellbore storage mechanism.
Case II: Gas Influx
An equivalent form of Equation (A-1) can be written for gas flow as
The dimensionless variables on the right-hand side of Equation (A-5) are defined for gas flow as 
For estimating s ≤ 0, our target is to calculate the effective wellbore radius, r wa , from Equation (A-8). 
